Despite the great demands for treating craniofacial injuries or abnormalities, effective treatments are currently lacking. One promising approach involves human elastic cartilage reconstruction using autologous stem/progenitor populations. Nevertheless, definitive evidence of the presence of stem cells in human auricular cartilage remains to be established. Here, we demonstrate that human auricular perichondrium, which can be obtained via a minimally invasive approach, harbors a unique cell population, termed as cartilage stem/progenitor cells (CSPCs). The clonogenic progeny of a single CD44 + CD90 + CSPC displays a number of features characteristic of stem cells. Highly chondrogenic CSPCs were shown to reconstruct large (>2 cm) elastic cartilage after extended expansion and differentiation. CSPC-derived cartilage was encapsulated by a perichondrium layer, which contains a CD44 + CD90
+ self-renewing stem/progenitor population and was maintained without calcification or tumor formation even after 10 mo. This is a unique report demonstrating the presence of stem cells in auricular cartilage. Utilization of CSPCs will provide a promising reconstructive material for treating craniofacial defects with successful long-term tissue restoration.
stem cell identification | flow cytometry | cell transplantation | regenerative medicine | plastic surgery C raniofacial injuries and abnormalities affect millions of patients worldwide, highlighting the need for novel therapeutic strategies (1) . Conventional approaches to treat these defects rely on reconstructive materials, such as autocartilage and bone grafts or synthetic compounds (2) (3) (4) (5) (6) . Collecting autologous tissue, however, places a significant burden on donor sites, and invariable absorption of the transplanted autografts often leads to treatment failure (7, 8) . Moreover, owing to the limited amount of available autografts, severe craniofacial anomalies such as Treacher Collins syndrome and Nager syndrome still remain incurable (9, 10) . The implantation of synthetic materials is associated with a number of potential complications, such as inflammation, extrusion, calcification, and abnormal skin (5, 6) .
To overcome these problems, many researchers have attempted to reconstruct elastic cartilage using cell-based engineering approaches that provide a sufficiently large volume of reconstructive material.
Several cell populations are potential sources for human elastic cartilage reconstruction (11) (12) (13) (14) . Human auricular chondrocytes, which is the only example already clinically applied, are highly chondrogenic and can produce significant levels of cartilage extracellular matrix (ECM). However, donor site morbidity is commonly observed and, more importantly, poor tissue maintenance remains a significant issue. It is expected that the use of stem cells will address these issues, because self-renewing stem cells can lead to permanent restoration of tissues characterized by high and continuous self-renewal (15) . Although bone marrow mesenchymal stem cells (MSCs) were thought to be a promising resource, their use was associated with many serious problems, including low chondrogenic potential, vascularization, and mineralization (16, 17) . Various tissue-derived MSCs, such as adipose-derived stem cells, also do not produce enough cartilage ECM to support 3D structures (18) (19) (20) . The identification of an alternative source of stem cells with high chondrogenic potential is crucial to realize elastic cartilage regenerative therapy.
Previous papers have suggested that some of the cells derived from rabbit auricular (ear) perichondrium appear to be a stem or progenitor population, on the basis of in vitro multidifferentiation assays or label-retaining cell assays (21) (22) (23) . However, considerable heterogeneities between these studies have precluded definitive evidence of stem cells in elastic cartilage, and the therapeutic potency of these stem/progenitor cells toward cartilage regenerative therapies remains to be determined. The goal of the present study was to determine whether human auricular perichondrium harbors cells with a stem cell character and to develop cell-manipulation techniques for reconstructing larger elastic cartilage with successful long-term tissue restoration aimed at future clinical use. Here, we show that human auricular perichondrium contains a promising stem/progenitor cell population. By combinations of newly identified stem cell markers, we successfully isolated a clonal population of CD44 + CD90 + stem cells from human auricular perichondrocytes, hereafter referred to as cartilage stem/progenitor cells (CSPCs). CSPCs proliferate robustly, show multiple differentiation capabilities, self-renew, and participate in tissue reconstruction. Our layered culture system enables CSPCs to efficiently differentiate into mature chondrocytes. Subcutaneously (s.c.) injected human CSPCcontaining perichondrocytes reconstructed over 2 cm of elastic cartilage, consisting both of perichondrium and chondrium layers, and restored these structures without any ectopic tissue formation even after 10 mo.
Results
Human Perichondrocytes Are Highly Proliferative. We hypothesized that auricular perichondrium contains stem/progenitor cells that are highly proliferative, are able to differentiate into multiple lineages, can self-renew, and can contribute to tissue reconstruction. To test this hypothesis, we performed experiments using auricular cartilage remnants from microtia patients ( Fig. 1 A and  B) . The patients included 19 males and 11 females, with a mean age of 10.6 ± 1.4 y (mean ± SD). There were no significant differences in the following experiments on the basis of their disease classification or complication. Auricular cartilage remnants were manually separated into the perichondrium layer, the interlayer, and the chondrium layer ( Fig. 1C and Fig. S1 , Left). After digesting each layer, the cells were cultured to yield perichondrocytes, interlayer cells, and chondrocytes, respectively. To examine their colony-forming capacities, we cultured cells at low density (52 cells/cm 2 ). After 4 wk, single perichondrocytes formed colonies that contained over 50 cells (Fig. 1D) . We then counted the semiclonal colonies. Perichondrocytes, interlayer cells, and chondrocytes formed 23.9 ± 4.5, 9.9 ± 6.8, and 2.3 ± 0.4 colonies, respectively (Fig. 1E) . These results show that perichondrocytes possessed the highest clonogenicity.
Next, we analyzed the long-term proliferating capability to determine the proliferative rates of perichondrocytes. Perichondrocytes morphologically resembled fibroblasts and maintained this appearance after long-term culture (Fig. S1, Right) . The proliferation rate of perichondrocytes and chondrocytes was determined from growth curves after 196 d of culture (Fig. 1F) . On the basis of the growth curves, the doubling time of perichondrocytes was calculated to be 2.6 d compared with 3.0 d for chondrocytes. Thus, perichondrocytes contain highly expandable clones and proliferate 13% faster than chondrocytes.
Cell-Surface Marker Characterization of Human Perichondrocytes. To characterize the cell-surface marker profile of human CSPC populations, we performed flow cytometry. The hematopoietic stem cell markers CD34 and c-kit (CD117), and the MSC markers CD44, CD73, CD90, CD105, CD133, CD140a, CD146, and CD271 (24-28) were analyzed (Fig. 1G ). Most marker expressions of perichondrocytes were similar to that of chondrocytes. However, CD44 and CD90 expressions showed significant differences between them. Higher expressions of CD44 and CD90 were observed in perichondrocytes compared with those of chondrocytes (CD44, 58.8 ± 8.6% and 35.4 ± 7.3%; CD90, 63.0 ± 1.7% and 46.5 ± 3.9%), indicating a potential candidate for clonal isolation of stem cells.
In Vitro Elastic Cartilage Differentiation of Human Perichondrocytes.
It is crucial to obtain a highly chondrogenic population with plenty of cartilage ECMs following in vitro cultivation before cell transplantation into a lesion. To develop suitable culture conditions for cell transplantation, we focused on the use of a layered culture system combined with several cytokines, which have been shown to enhance hyaline cartilage regeneration in vitro (29) . Cultured human perichondrocytes were layered to differentiate them into mature chondrocytes in the presence of bFGF (basic fibroblast growth factor) and IGF1 (insulin-like growth factor 1) ( Fig. 2A) . The perichondrocytes gradually differentiated into chondrocytes on the basis of the layering and began to produce proteoglycan and type II collagen (Fig. 2B ). Several mucopolysaccharides were secreted from the perichondrocytes, making the culture media viscous and matrix-like ( Fig. 2 C and D and Movie S1). This is important because high viscosity encourages cells to stay near the site where transplanted.
Then, to quantify and compare the chondrogenic potential of the perichondrocytes with that of chondrocytes, we performed real-time PCR analysis of genes related to elastic cartilage differentiation. Under differentiation conditions, we observed increased expression of a number of chondrium markers, including versican (CSPG2, 4.2-fold), elastin (ELN, 9.6-fold), alpha 1 type II collagen (COL2A1, 2.1-fold), and fibrillin 1 (FBN1, 17.2-fold), whereas expression of the perichondrium marker alpha 1 type I collagen (COL1A1) decreased to 0.18-fold of the original level (Fig. 2E) .
We also performed ELISAs to evaluate the secretion of elastic cartilage ECM proteins. The concentrations of secreted ECM proteins in perichondrocyte cultures under differentiation conditions were 17.5 ± 4.3 μg/mL proteoglycan, 235.6 ± 19.9 μg/mL elastin, and 61.8 ± 7.5 μg/mL collagen. Surprisingly, similar concentrations of secreted proteins were observed for chondrocytes (19.0 ± 1.3, 234.0 ± 16.3, and 55.8 ± 4.9 μg/mL, respectively), highlighting the high chondrogenic potential of the perichondrocytes (Fig. 2F ).
Human Perichondrocytes Reconstructed Elastic Cartilage Containing
Both Perichondrium and Chondrium Layers. Human perichondrocytes were expanded, subjected to cartilage differentiation conditions, and s.c. injected into nonobese diabetic [(NOD)/ SCID] mice. We performed the same experiments with human chondrocytes (Fig. 3 A-H) . Histochemical analyses demonstrated that perichondrocytes differentiated into mature chondrocytes and formed an elastic cartilage rich with proteoglycans and elastic fibers (Fig. 3 I-O) . Immunohistochemistry revealed that regenerated cartilage contained a Col I + capsule enveloping a Col II + chondrium layer (Fig. 3P) . These results indicated that perichondrocytes contain a putative stem/progenitor population with regenerative capacity.
Elastic cartilage composed of two layers was maintained even 6 and 10 mo after perichondrocyte transplantation (Fig. S2 A-L) . During the growth and maturation period, it is generally ac- cepted that the cell density of the chondrium layer decreases (30) . Consistent with this, we found that the cell density decreased from 1.6 to 0.4 × 10 6 cells/mm 2 presumably due to cell maturation (Fig. S2M) . The dry weight of perichondrocyte-derived cartilage is heavier than that of chondrocytes with statistical significance (Fig. S2N) . Fibrous tissue, blood vessels, bone, or tumors did not develop during the 10-mo observation period. In practical applications for congenital anomalies, larger elastic cartilage should be reconstructed. To achieve this goal, we transplanted larger volumes of perichondrocytes (injection volume = 3 mL; ∼2 × 10 7 cells) after chondrogenic induction. After 2 mo, over 2 cm of elastic cartilage was generated (Fig. S3A and Movie S2). Reconstructed tissue consisted of homogenously distributed mature chondrocytes with plenty of cartilage ECMs (Fig. S3B) . These results are particularly striking, as we were able to control the size of the reconstructed cartilage by adjusting the injection volumes. (Fig. 4A) .
The ratio of CD44/CD90 double positive cells was 0.84 ± 0.25% in the perichondrium layer. For regenerated cartilage, CD44 + CD90 + cells were retained in the perichondrium layer throughout the 10 mo (Fig. 4B) . Interestingly, the ratio of CD44 + CD90
+ cells in the perichondrium was initially amplified up to 18.02 ± 7.06% at 1 mo and then diminished to 0.62 ± 0.05% at 10 mo, the same as observed in primary auricular cartilage remnants (Fig. 4C) . CD44 or CD90 single positive cells also experienced the same distributional change (Fig. 4D) . These distributional changes seemed to depict the transient amplification of stem/progenitor cells at an initial state of tissue regeneration and transition to a dormant state at a later phase.
Prospective Isolation of Stem Cells from Human Auricular Perichondrocytes. To provide definitive evidence of stem cells in the auricular perichondrium, flow cytometry was used to fractionate the perichondrocytes into four subpopulations on the basis of the expression of CD44 and CD90 (Fig. 5A) . We then cultured the cells from each fraction at low density (52 cells/cm 2 ) to identify the fraction that contained the cells that efficiently formed clonal colonies. After 21 d of culture, the CD44 + CD90 + cells clearly formed the most colonies (Fig. 5 B and C) . These data suggested that both CD44 and CD90 were good cell-surface markers to enrich the stem/progenitor cells.
Then, we attempted to culture single cells in each well of 96-well plates, following clone sorting of cells on the basis of CD44/ CD90 expression. After 21 d, we counted the large colonies (LCs > 100 cells), which potentially reflected a rapid rate of cell proliferation. The results showed that CD44 + CD90 + cells displayed a significantly greater capacity to extensively expand than was observed for CD44 + CD90 (Fig. 5D ). Clones isolated from the CD44 + CD90 + fraction most efficiently formed LCs (8.3 ± 2.1%) comprising several hundred cells. The CD44 − CD90 + fraction-derived clones were also capable of forming LCs (3.8 ± 1.6%), but the efficiency of LC formation was statistically lower (P < 0.05, n = 3). Far fewer LCs were grown from clones derived from the 
CD44
+ CD90 − subpopulation, whereas cells from the CD44 − CD90 − fraction formed no LCs. The isolation and cultivation of definitive single-cell-derived CD44 + CD90 + cells enabled us to evaluate several criteria of stem cells. We first examined multipotency using several sorted clones. Compared with unipotential chondrocytes (Fig. 2B and Fig. S4A ), all of the six isolated clones possessed chondrogenic, adipogenic, and oseteogenic potential (Fig. S4B) .
The identification of multipotent CD44 + CD90 + stem cells with high proliferative potential suggested that these cells could provide a basis for the reconstruction of continuously selfrenewing elastic cartilage. To test this approach, we transplanted clonally propagated CD44 + CD90 + cells. Three months after transplantation, elastic cartilage containing both ColI + perichondrium and Col II + chondrium were generated. Cells in the chondrium layer consisted of mature chondrocytes packed in lacnae. Surprisingly, CD44 + CD90 + cells were retained in the outer perichondrium layer, suggesting the presence of selfrenewing stem cells in the regenerated elastic cartilage.
Discussion
Despite the implications of stem cells in auricular perichondrium from rabbit studies, no studies to date have identified a definitive single-cell-derived stem cell population in elastic cartilage (21) . This is attributable to the low frequencies of highly clonogenic stem cells, a common challenge in the field of mesenchymal stem cell-related research (31, 32) . Here, we have successfully identified and isolated a human stem/progenitor cell population (CSPCs) existing in the auricular perichondrium by combinations of CD44 and CD90 markers. Clonally propagated CD44 + CD90
+ cells from auricular cartilage, on the basis of a number of criteria, appear to be a population of stem cells. The utilization of CSPCs from human auricular cartilage will not only improve our understanding of basic cartilage biology, but will lead to novel therapeutic strategies, including long-term tissue restoration, for patients with craniofacial defects.
Various tissue-derived MSCs have been investigated as possible cellular resources for elastic cartilage reconstruction. These cells, however, do not efficiently differentiate into chondrocytes and fail to produce elastic cartilage-specific ECM components, such as proteoglycans and elastic fibers (16, 18) . Furthermore, bone marrow MSC-derived cartilage is associated with hypertrophy, vascular invasion, and ectopic mineralization (17). In contrast to MSCs, CSPCs isolated from the auricular perichondrium displayed a highly chondrogenic profile that was similar to that observed for chondrocytes. However, similar to MSCs, these cells were able to differentiate into adipocytes and osteocytes, suggesting that they are a higher cell lineage than cartilagecommitted progenitor cells, which are predetermined to form chondrocytes of elastic cartilage. In line with these expectations, CSPCs expressed CD44 and CD90, similar to MSCs, whereas they did not express the MSC markers CD133, CD140a, CD146, or CD271 (24, 33, 34) . Thus, our isolated stem/progenitor cells are closely related to MSCs, yet are a distinct cartilage stem/ progenitor cell population. The hierarchy of the mesenchymal cell lineage has not yet been clearly elucidated. A better understanding of this hierarchy may allow CSPCs to be used as a therapeutic resource for applications other than elastic cartilage reconstruction. Moreover, it may lessen the risk of certain adverse effects, such as ectopic ossification, which is a serious problem associated with MSCs.
Continuously self-renewing tissues are successively restored by stem cells. Hematopoiesis provides a well-known paradigm of a stem cell-dependent, steadily self-renewing system. Using postnatal stem cells may significantly alter approaches to cellbased engineering. We found that extensively expanded perichondrocytes that had been subjected to a layered culture system were able to form elastic cartilage after s.c. transplantation. Similar to normal auricular cartilage, the reconstructed cartilage was composed of two layers: perichondrium and chondrium. Transplants successfully restored their original structure even after 10 mo without ectopic tissue formation, indicating that perichondrocytes may be a better resource than MSCs. Our study suggests that the grafting of perichondrocytes should allow long-term restoration of reconstructed tissue owning to selfrenewing CSPCs in the perichondrium layer.
Further evaluations of the extracellular matrix components or mechanical evaluations of the regenerated cartilage will be necessary to show the clinical relevance of perichondrocytes (35, 36) . However, the use of autologous auricular perichondrocytes represents several important advantages compared with the harvesting of chondrocytes so far. First, harvesting perichondrocytes requires a minimally invasive procedure, whereas collecting chondrocytes from the auricle places a significant burden on donor sites. Perichondrocytes can be obtained from a thin fibrous layer of the auricle even from microtia patients. Second, their high proliferative potential enables us to shorten the culture period. Finally, it is expected that perichondrocytes will enhance morphological preservation through continuous selfrenewal because they contain a definitive stem/progenitor population (CSPCs). This is important especially in children, as permanent tissue restoration through many decades is an essential requirement for treating craniofacial anomalies.
There are currently no published reports describing the successful clinical use of a stem cell population for human elastic cartilage reconstruction. Taken together, our innovative discoveries provide three different modes of treatment strategies using an autologous stem/progenitor cell population, as shown in Fig.  S5 : (i) Direct cell injection and (ii) Two-stage transplantation without a scaffold. First, direct cell injection, which consists of simple procedures, is ready for clinical application. The application is limited to small or simple-shaped lesions, but this method makes it possible to reconstruct self-renewing elastic cartilage after extended expansion of patients' own cells. For larger and more complex deformities like microtia, we propose two-stage transplantation without a scaffold that is also clinically applicable. In this procedure, a sufficient volume of elastic cartilage is obtained from primary cell transplantation into a non-weight-bearing area like the lower abdomen. Then, a generated cartilage block is used for the framework designed for a given patient's deformities and is then transplanted into a lesion. The optimization of technical aspects (e.g., culture duration, injection volumes, and techniques for sculpting the framework) and further studies concerning safety should lead to the establishment of promising treatment options for currently incurable craniofacial anomalies.
Methods
Isolation and Cultivation of Human Perichondrocytes. We obtained elastic cartilage samples from microtia patients following the approved guidelines set by the ethical committee at Yokohama City University (approval no. 03-074). We stripped off the adipose tissue and microscopically separated the cartilage into three layers: the chondrium layer, interlayer, and perichondrium layer. Dissected tissues were cut into small pieces and digested for 2 h at 37°C in PBS containing 0.2% collagenase type II (Worthington) with shaking. After passing through a 100-μm nylon mesh (BD Falcon), the cells were washed three times with PBS. Cell suspensions were cultured in Dulbecco's modified Eagle medium and Ham's F-12 medium (DMEM/F-12; Nissui Pharmaceutical) supplemented with 10% FBS (Moregate) and 1% antibiotic antimycotic solution (AMS; Sigma) in 5% CO 2 at 37°C.
FACS Analysis and Cell Sorting. We immunolabeled cells with 1 mg of fluorescence-conjugated mouse antihuman monoclonal antibodies or isotypematched IgGs (Table S1) twice with an interval of 1 wk. We also tested the adipogenic and osteogenic potential of perichondrocytes as previously described (37) .
Gene Expression Analysis. For reverse transcription-polymerase chain reaction (RT-PCR) experiments, we designed primers (SI Methods) using Primer3 software (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). The following quantitative PCR (qPCR) primers were used in TaqMan gene expression assays: COL1A1, Hs00266273_ml; COL2A1, Hs00164099_ml; CSPG2, Hs01007933_m1; ELN, Hs00355783_ml; and FBN1, Hs00171191_m1 (Applied Biosystems).
ELISA. We quantitatively determined the chondrogenic potential of perichondrocytes by measuring proteoglycan, elastin, and collagen production using ELISAs. We subjected supernatants from the cell culture dish to Blyscan, Fastin, and Sircol assays (Biocolor) (38) .
In Vivo Transplantation. Cells that had been subjected to chondrogenic differentiation were scraped with a cell lifter. The scraped cells were collected into a 2.5-mL syringe (Terumo) equipped with a 23-gauge injection needle (Terumo). An appropriate volume of the culture was s.c. injected into NOD/ SCID mice (Sankyo Laboratory). The mice were bred and maintained in accordance with our institutional guidelines for the use of laboratory animals.
Histochemical and Immunohistochemical Analysis. We stained the sections and/ or cultured cells with HE, AB, Toluidine blue, Safranin O, EVG, Alizarin Red S (Muto Pure Chemicals), or Oil Red O (Sigma). For immunohistochemical analysis, the tissue sections and cultured cells were immunolabeled with primary antibodies, rabbit antihuman type I collagen monoclonal antibodies (Monosan), and mouse antihuman type II collagen polyclonal antibodies (Chemicon), at 4°C overnight. After washing, the sections and/or cells were incubated with Alexa Fluor 488-and/or Cy3-conjugated secondary antibodies (1:800; Molecular Probes) specific for the appropriate species for 1 h at room temperature. The samples were counterstained with 4,6-diamidino-2-phenylindole (DAPI) and analyzed with a LSM510 laser-scanning microscope (Zeiss).
Statistical Analysis. Data are expressed as the mean ± SD from at least three independent experiments. Differences between three or four groups were analyzed using the Kruskal-Wallis test by ranks, and post hoc comparisons were made with Mann-Whitney U test with Bonferroni correction. Twotailed P values <0.05 were considered significant.
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